due to a delicate balance of intervortex forces and interaction with the layered potential. jc(H) shows pronounced maxima when a hexagonal vortex lattice is commensurate with the crystal structure. The narrow temperature window in which oscillations are observed suggests a significant suppression of the order parameter between the superconducting layers in SmFeAs(O,F), despite its low coherence length anisotropy (γ ξ ≈ 3 − 5). Since the discovery of high-temperature superconductivity in the Cu-O planes of the cuprates, the particular dynamics of the vortex matter interacting with layered structures became a central aspect in identifying the microscopic physics as well as in the exploration of the application potential. The vortex shape and supercurrent distribution is influenced by modulations in the surrounding order parameter ψ: While for spacially uniform ψ the well-know Abrikosov vortex (AV) with a normal core of diameter ≈ 2ξ is formed, full suppression of ψ between the layers leads to Josephson vortices(JV), which lack a normal core but exhibit an extended phase-core region. In between these extreme cases, the situation of partial suppression of ψ may result in the formation of intermediate vortices characterized by deformed core regions. Such intermediate vortices, called hybrid or A-J, have been observed in isolated, strongly coupled junctions such as YBCO low-angle grain boundaries [1] or artificial layered structures [2, 3] , but so far no indications of intrinsic hybrid vortices within the unit cell have been observed.
The more recent advent of the iron-pnictide families as the newest class of high T c materials places the apparent importance of layeredness and low-dimensionality again into focus. In particular in SmFeAs(O,F) with the highest T max c ≈ 55K among the iron-based superconductors, the layered nature determines the microscopic structure of the order parameter: JV centered in the regions of suppressed superfluid density in the Sm(O,F) sheets exist between the FeAs layers, provided that the c-axis coherence length ξ c (T ) is smaller than 1/2 of the c-axis unit cell spacing d = 0.847nm. As ξ c (T ) diverges at T c and shrinks below d/2 at low temperatures, a transition
for well aligned in-plane fields, extracted from I − V curves using a fixed voltage criterion. Pronounced oscillations appear ontop of a decreasing background as the field is ramped up. Inset: SmFeAs(O,F) single crystal carved by a FIB into a shape suitable for vortex channel flow between the layers. The active part (purple) is a 3µm long slab along the c-axis (3x1µm 2 in cross-section). The overlaid sketch illustrates the experimental situation of in-plane vortices driven by transverse currents to slide between the FeAs layers. (b) Oscillatory component ∆jc(H) after subtracting a power law background. The oscillations first appear around 4T, and their amplitude grows in field.
separates two different regimes: highly mobile JV at low temperatures and well-pinned AV at elevated temperatures [4] . However, even at zero temperature, ξ c (0K) ≈ 0.18nm [5] remains comparable to d/2 = 0.423nm, leading to significant remanent interlayer coupling and thus one might well expect the crystal structure of SmFeAs(O,F) to be a candidate to host intrinsic hybrid vortices within the unit cell.
To observe such intrinsic hybrid vortices and their interactions in transport experiments, it is essential to avoid well-pinned Abrikosov-like "pancake" segments of the flux lines. Therefore we focus on the "channel flow" geometry, in which well aligned in-plane vortices (< 0.1
• in misalignment) slide in between adjacent FeAs planes driven by the Lorentz force of currents along the caxis. Such a channel flow geometry had been successfully realized in Bi-Sr-Ca-Cu-O mesa structures [6] and recently in Focused Ion Beam (FIB) microcut crystals of SmFeAs(O,F) [4] and in (V 2 Sr 4 O 6 )Fe 2 As 2 [7] . The small and platelike SmFeAs(O,F) single crystals were contacted and micro-shaped by a FIB into pillar structures, suitable for vortex channeling experiments (shown in Fig. 1a) . Details of this technique are described elsewhere [8] .
The central observation of this study is the sudden appearance of an oscillatory component of the critical current j c (H) only in the hybrid vortex region around T ⋆ , implying a field-modulated change in the vortex mobility. Figure 1 shows the critical current j c (H) at a 5µV criterion and its oscillatory component after subtracting a power-law background. The j c oscillations become visible at fields beyond 4T and grow in amplitude at higher fields. At fields beyond 20T, the almost sinusoidal oscillation changes abruptly to triangular cusps. This may hint at a change of intervortex forces at short vortex distances, and is part of ongoing research. However, pronounced signatures of commensurability enhancement in j c are observed in high fields beyond 40T, indicating the formation of a lattice even at very high vortex densities.
As vortex dynamics generally strongly depends on the local pinning landscape defined by defects in the material, more than 10 samples were studied to distinguish extrinsic sample dependent behavior from intrinsic features generic to SmFeAs(O,F): the oscillations have been observed in all of them consistently(See supplement). The maxima of j c in SmFeAs(O,F) occur at fields denoted by H n , which are equally spaced in
dependence is a natural consequence of a matching between the layered crystal structure and a two-dimensional vortex lattice, which is periodic along and perpendicularly to the FeAs layers. Assuming a hexagonal lattice, deformed by the electronic anisotropy, the values of the matching fields H n follow from straightforward geometrical considerations. With a field-independent anisotropy parameter γ = 
The only unknown material parameter entering the matching field equation (2) is the vortex lattice anisotropy γ, and thus γ can be calculated from the measured slope of n ∝ 1 √ H shown in Fig. 2 . With d = 0.847nm for the FeAs interlayer distance [9] , one obtains γ = 9.4. This value is in excellent agreement with the penetration field anisotropy γ λ (42K) ≈ 9.6 around T ⋆ obtained independently by torque magnetometry [9, 10] and thus strongly indicates the proposed elongated hexagonal vortex lattice to be the appropriate description. . At large n, i.e. low vortex densities, the peak positions are well described by Eq. 2 (blue dashed line), while the triangular peaks at high fields appear at slightly lower fields.
The above discussion only concerns measurements at the A-J transition temperature T ⋆ ≈ 0.84T c , while the temperature dependence reveals the essential role of the hybrid vortex nature in the j c modulations resulting from a subtle balance between Abrikosov-like pinning and Josephson-like channeling. After subtracting a smoothly varying background, the temperature evolution of the oscillatory part of j c becomes evident: The oscillations in SmFeAs(O,F) are most pronounced at T ⋆ and are only observable in a narrow temperature window (±3K) around T ⋆ (Fig. 3 left) . There is no indication of any oscillatory component of j c in the Abrikosov-or in the Josephson-state and thus the vortex interactions leading to this oscillatory phenomenon are a unique property of hybrid vortices in the transition region between Abrikosov and Josephson. This is in contrast to previously observed oscillatory phenomena periodic in In contrast, Fig. 3 (right) shows vortex oscillations in (V 2 Sr 4 O 6 )Fe 2 As 2 , which due to its larger and more insulating spacing layer and hence significantly larger V 0 behaves as a fully developed Josephson system similar to e.g. Bi-Sr-Ca-Cu-O [7] . In this case, only a onedimensional vortex configuration is observed within each layer, leading to oscillations periodic in field (and not in ) due to modulations of the surface barrier [6, 16, 17] . These oscillations also appear below an onset temperature T 0 , however they persist down to the lowest temperatures accessed by the experiment as they do not require vortex mobility along the c-direction.
To qualitatively understand the influence of the hybrid vortex nature on the temperature evolution of the oscillations, we have numerically studied vortex cores in layered structures by solving the Ginzburg-Landau equations in the presence of an in-plane magnetic field. The layered structure of SmFeAs(O,F) was modeled by adding a step-function potential energy term V (z)|ψ| 2 into the free energy functional (Eq.3), thus partially suppressing the superfluid density in the Sm(O,F) layers. The effective thickness of the superconducting layer was assumed to be 1 2 d, according to the geometric extent of the Sm(O,F) layer in the unit cell determined by X-Ray diffraction [9] . This time-independent problem was then solved numerically [18] using the finite element solver COMSOL. To emphasize the appearance of a vortex core anisotropy solely due to its interaction with the modulated order parameter (OP), an isotropic coherence . length ξ c = ξ a was used for the calculation shown in Fig. 4 . In such an isotropic case without the presence of suppression layers, circular vortex cores are expected as indicated by blue dashed circles. Any deviation from the circular shape is only due to the layers of suppressed OP. The coherence length anisotropy can easily be introduced into the results following the scaling relations proposed by Blatter et al. [19] .
The resulting vortex core regions in the presence of layers of suppressed order parameter are shown in Fig. 4 . At high temperatures in the Abrikosov state (ξ c (T ) > d c ), the superconducting condensate cannot follow the potential modulated at length scales below ξ, resulting in large, essentially circular Abrikosov-like cores. Thus commensurability oscillations are naturally absent in the Abrikosov state. In the Josephson-state, however, a very different mechanism suppresses the 1 √ H oscillations of j c : As the JV (phase-)core is pushed in between two adjacent FeAs layers (lower panel of Fig. 4) , there is a large energy barrier associated with the movement of the core across the FeAs-and into the adjacent SmO-layer. This motion requires the generation of a pancake vortexantivortex pair and a successive separation of the two ("zipper mechanism") [19] , and therefore the JV motion along the c-direction is effectively suppressed. Vortex entry at the surface is not uniform but occurs predominantly at particular nucleation sites of locally reduced surface barrier [20] . Establishing the two-dimensional order along as well as perpendicular to the FeAs layers that leads to the 1 √ H commensurability effects requires the irregularly entering vortices to relax into a lattice. This cannot happen in the JV state without sufficient vortex mobility along the c-axis, and thus the oscillations are absent.
Hence, the two key ingredients theoretically expected in hybrid vortices [1] are essential to the observation of this phenomenon in SmFeAs(O,F): (1) A core region small enough to gain energy from aligning with the intrinsic potential, and (2) an incomplete Josephson nature to allow vortex lattice relaxation along the c-axis. This occurs exactly at the T ⋆ transition, as illustrated in Fig 4  (middle panel) . While the main flux of this hybrid vortex is confined between two adjacent FeAs layers (black dashed line), there is still a substantial suppression of the OP in the FeAs layers in the vicinity of the core center (highlighted by white points). This suppression reduces the barrier that impedes vortex motion along c and thereby allows a two-dimensional vortex lattice to form.
The shape of the vortex core, i.e. the supercurrent profile around the core region, is heavily influenced by the microscopic structure of the OP within the unit cell. Depending on the orbitals involved in Cooper pair transport along and perpendicularly to the layers, the OP modulation along c varies in strength and shape. It will be an interesting theoretical challenge to develop a microscopic model based on the Fe-and As-orbitals [21] to derive a more realistic form for the potential V (z). Within the simplistic step-function model, the magnitude of V 0 cannot be quantitatively estimated from transport experiments. However, some insight may be gained from a comparison with cuprate systems that show
oscillations. In YBa 2 Cu 3 O 7−x , similar oscillations persist over an extended temperature region (> 30K) [22] and thus indicate a higher vortex mobility along c than in SmFeAs(O,F) due to a weaker suppression of the OP between the CuO planes, and thus a smaller V 0 . Therefore the vortices in YBa 2 Cu 3 O 7−x even at low temperatures show more Abrikosov-like behavior, in particular with a higher mobility between the superconducting Cu-O planes. This picture is supported by differences in the pinning of Josephson-like vortices: The absence of enhanced vortex mobility in the "channel flow" geometry (in-plane field and out-of-plane currents) in YBa 2 Cu 3 O 7−x indicates a highly effective pinning for in-plane vortices below T ⋆ [23] , in contrast to the highly mobile vortices in SmFeAs(O,F) [4] . This suggests a stronger suppression of the OP between the superconducting layers in SmFeAs(O,F), i.e. a larger V 0 . This difference is even more intriguing in the light of their similar coherence length anisotropies (γ ξ = 6 − 5 in YBa 2 Cu 3 O 7−x [24] , 5 − 3 in SmFeAs(O,F) [8] ).
In summary, we have found evidence for a significant modulation of the OP within the unit cell of SmFeAs(O,F), leading to commensurability effects between the vortex-and the crystal lattice. In particular, the untypical temperature dependence suggests the existence of hybrid vortices, in between Josephson-and Abrikosov character, in a narrow temperature range corresponding to a cross-over region. In other superconductors showing similar oscillations, i.e. YBa 2 Cu 3 O 7−x , the oscillations persist over much larger temperature ranges. This difference between YBa 2 Cu 3 O 7−x and SmFeAs(O,F) emphasizes an important role for the strength of the suppression of the superconducting OP in between the layers: Next to the coherence length (γ ξ )-and the penetration depth (γ λ ) anisotropy, the suppression strength (V 0 ) is a third parameter of importance to describe the vortex matter in layered superconductors. While these anisotropies are typically related, they are in principle independent and thus may lead to distinctly different vortex behavior even in systems of similar γ, such as YBa 2 Cu 3 O 7−x and SmFeAs(O,F).
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